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Excutive Summary

Background and Objectives

The aging civil infrastructure in the US represents a serious challenge for maintenance and repair
using only limited available resources. For example, the average age of a bridge in the US is 43
years, with a design lifetime usually assumed equal toeasy The American Association of

State Highway and Transportation Officials (AASHTO) estimated that the cost to repair every
deficient bridge in the country would be approximately $140 billion. This repair cost does not
include the cost associated wittantdated annual bridge inspections, or the cost associated with
traffic restrictions on structuralgleficient or functionally obsolete bridges. Immediate
improvement of this situation is difficult due to the economic crisis that the US has suffered in
recent years. It is envisioned that a letegm solution of this problem can only be achieved
through new and creative transformative approaches that can significantly reduce the costs
associated with inspection, maintenance, and repair of infrastructurenedei@ae solution for
this problem involves the heal ohgacoleaingpaeadi
in concrete can be defined as the ability of concrete to autonomously heal cracks that may
develop throughout its structure. By incorpargtselfhealing properties into concrete mixes, it

is expected that concrete quality design and control methods will improve, with the goal of
positively impacting concrete construction processes as a whole.

The specific objectives of this study wer#) (o evaluate the effects of preparation parameters
(namely, temperature, agitation rate, and pH) on the shell thickness and size (diameter) of
microcapsules of healing agents for use in-Bediling concrete; (2) to evaluate the effects of

mi c r o c asipell thitkeesséand size diameters on the concretdaaling mechanism; and

(3) to test the hypothesis that composite action due to FRP confinement of cylindrical concrete
specimens can improve the sedpairing properties of selfealing concrete matials.

The goal of this research was to significantly advance theegdiring capability of RC bridge
components and systems. This capability is currently limited to the closure of small surface
cracks produced in a controlled environment. Thistsediiing property mimics the sefiealing

of human skin after small cuts. The composite action due to confinement with fiber reinforced
polymers (FRPs) can help close larger cracks in the concrete. In comparison with the human
body, this seHhealing capabily is equivalent to the cicatrization of deep cuts and the healing of
bone fractures. This research explored a completely innovative and untested idea, since it
represents the first attempt of using composite action to enhance the performanchesisglf
concrete materials.

Research Outcomes arf@lesults
Three sets of experimental tests were developed and performed to achieve the objectives of this

research. Two healing agents were evaluated for the first two objectives of this study, i.e.,
dicyclopentadene PDCPD) and sodium silicate. The use of sodium silicate was considered for
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the third objective of this studfgased on the results of the experimental program, the following
conclusions were made: (1) as the pH was reduced, the sheheabsckncreased for DCPD
microcapsules and decreased for sodium silicate microcapsules; (2) the more uniform and
coherent microcapsules were produced at a temperature of 55°C for both DCPD and sodium
silicate healing agents; (3) an increase in agitatioa rasulted in a decrease in the average
diameter of the microcapsules for DCPD, while it minimally affected the diameter of sodium
silicate microcapsules; (4) sodium silicate microcapsules were effective in repairing the concrete
after cracking for conteatequal or higher than 1% of cement wejghith the best performance
obtained for 5% sodium silicate conte(®) FRP-confinement generally improved the strength

and stiffness of the specimens. Additional research is ndedegiestigatethe effects of RP-
confinement on stiffness recovery.

Other Project Outcomes
Students support:

A PhD and a Master student were supported on this project. The PhD student Yueqgiang Sui
works under the supervision of the PI, Dr. Michele Barbato, &nBHD research is jorogress.

The Master student was Lt. Cmdames Gilfordll and he worked under the supervision of the

CoP1I , Dr . Hassan. He was a US Naval of ficer.
but support for Gilford included building an experimerstatiup and all the supplies he needed to
conduct his research. He graduated with a MSc. innéegng Science in summer 2012 with

the following thesis:

Gilford 111, J. (2012. fiMicroencapsulation of seli e al i ng ¢ o n c Masterethegist o per t
Departnent of Engineering Science, LSU, Baton Rouge, LA.

Publications:

This project resulted imne Transportation Research BoaffiRB) paperpresentedat the 92
Annual Meeting and one ASCE journal paper currently under review:

Gilford 1ll, J., Hassan, MM., Rupnow, T., and, Barbato, M(2013). fiEvaluation of
Microencapsulation of Dicyclopentaie (DCPD and Sodium Silicate for SeHeding
Concreted Paper #131172, 92" Transportation Research Board Annual meeting, National
Research Council, Washington, D.C.

Gilford 1ll, J., Hassan, M., Rupnow, T., BarbataVl., Okeil, A., and, Asadi, §2013).i DD
and Sodium Silicate Microencapsulation f8elFtHe al i n g o f ASCEoJowenaleof e . O
Materials in Civil Engineeringnderreview.

It is expected that the results of this research will be used to prepare an additional journal
publication.



Proposals submitted:

The project produced preliminary data that allowed the teamubmmis the following
collaborativeNSF proposal betwaeLSU and Texas A&M Kingsvilléo the division of CMMI,
SMM:

COLLABORATIVE RESEARCH: A NEW GENERATION OF INFRASTRUCTURE
ELEMENTS MIMICKING SELFHEALING MECHANISMS OF LIVING ORGANISMS.PI:
Dr. Marwa Hassa, CoP | 6 s [Dele Barbaitoc & Dr. Ayman Okeil. Requested funding:
$266,543 Status: Declined

The Pl and CéPl intend to resubmit a modified version of the previous proposal with stronger
focus on the material characterization and the chemical/meehamteraction between
microcapsules of seliealing agents and concrete.






Abstract

This research study is motivated by the nieecducethe costs of maintenance and repair of the
aging transportation infrastructure in the UShe proposed approach it® use sehlhealing
concrete. The objectives of this study were: (1) to evaluate the effects of preparation parameters
(namely, temperature, agitation rate, and pH) on the shell thickness and size (diameter) of
healing agentmicroapsulesusedin selthealing concrete; (2) to evaluate the effectdhefse

mi cr ocaps ul e esandsikeaibreters bnithe konceege-hekling mechanism; and

(3) to test the hypothesis that composite action due to FRP confinement of allindricrete
specimens can improve the sepairing properties of selfiealing concrete materials. Two
healing agents were evaluated for the first two objectives of this studyicyclopentadiene
(DCPD) and sodium silicate. The use of sodium siécatas considered for the third objective of

this study. Based on the results of the experimental program, the following conclusions were
made: (1) as the pH was reduced, the shell thickness increased for DCPD microcapsules and
decreased for sodium silicateicrocapsules; (2)hte more uniform and coherent microcapsules
were produced at a temperature of 55°C for both DCPD and sodiigatsihealing agents; (3)

an increase in agitation rate resulted in a decrease in the average diameter of the microcapsules
for DCPD, while it minimally affected the diameter of sodium silicate microcapsulespdd&)m

silicate microcapsules were effective in repairing the concrete after cracking for contents equal
to or higher than 1% of cement weight, with the best performasitained for 5% sodium
silicate content;(5) FRP-confinement generally improved the strength and stiffness of the
specimens. Additional research is neededinvestigatethe effects of FREonfinement on
stiffness recovery.






1 |l ntroducti on

The aging ciyt infrastructure in the US represents a serious challenge for maintenance and repair
using only limited available resourceBor example,iie average age of a bridge in the US is 43
years, with a design lifetime usually assumed equal to 50 years. ThacAmAssociation of

State Highway and Transportation Officials (AASHTO) estimated that the cost to repair every
deficient bridge in the country would be approximately $1400bil(AASHTO 2008).This

repair cost does not include the cost associatedmatidated annual bridge inspections, or the
cost associated with traffic restrictions on structurdlyicient orfunctionally obsolete bridges.
Immediate improvement of this situation is difficult due to the economic crisis that the&adJS
suffered in reent yearslt is envisioned that a loAggrm solution of this problem can only be
achieved through new and creative transformative approaches that can significantly reduce the
costs associated with inspection, maintenance, and mpafrastructure elemnts.One solution

for this problem involves theewmde ngf ca-nnewt ¢
healing in concrete can be defined as the ability of concrete to autonomously heal cracks that
may dewelop throughout its structurdy incorporaing selthealing properties into concrete
mixes, it is expected that concrete quality design and control methods will improve, with the goal
of positively impacting concrete construction processes as a whole.

The main objective of this research projestisto test the hypothesis that composite action in
reinforced concrete (RC) structures can drastically improve theegeliring properties of self
healing concrete materials. The goal of this researakto significantly advance the self
repairing capability of RC bridge components and systems. This capability is currently limited to
the closure of small surface cracks produgedh controlled environmenfThis selfhealing
property mimics the seliealig of human skin after small cut§he composite actiordue to
confinement with fiber reinforced polymers (FRPs) can help close larger énatties concrete.

In comparison with the human body, this dedfaling capabilitys equivalent to the cicatrization
of deep cuts and the healing of bone fractuféss researchexploreda completely innovative
and untested idea, sinderepresents the first attempt of usiogmposite action to enhance the
performance of selfiealingconcretanaterials.

2 Literatierwe Rev

Considerable interest has been given in recent years to the utilizationloéal@liy materials in
concrete (Sharp and Clemena 2004). This has led to the introduction of a new class of smart
materials that have ¢hability to heal after damag®elf-healing applications in concrete have led

to the introduction of bacteraased sefhealing concrete and microcapsblsed sethealing
concrete.Bacteriabased selhealing concrete uses minembducing bacteria, which were
found able to seaurfacecracks (Jonkers 2011)he concept of microcapsule healing is based

on a healing agent being encapsulated and embedded in tiietedWhen the crack propagates

and reaches the microcapsule, the capsule breaks and the healing agent dsinttetise cack

to repair it. Selthealing concrete provides a proactive approach rather than a reactive



countermeasure for cracks that deyelwithin concrete structuresSelf-healing concrete
materials have been proven effective in terfeeduction of permeabilt (Reinhardt and Jooss
2003) as well as recovery of strength and stiffness under controlled cracking of thehmater
laboratory conditions (Li et al. 199&iowever, the results in field applications have not yet been

as satisfactory, since it is vedyfficult to limit the size of the cracks in the concrete to less than
150 nm (size beyond which the sditaling nechanism cannot be activated, see Yang et al.
2009. An emerging research direction focused on improving the performance -bfeagtig
conaete is the development of engineered cementitious composites that can limit the average
crack size due to thetrinsic material properties (Yang et al. 2009)

Since their introduction in the 1950s, microencapsulation has been evaluated in numerous
construction materials including mortar, lime, cement, marble, sealant, and paints (Boh and
Sumiga 2008). It has also been patented and tested in the food, chemical, textile, and
pharmaceutical industries. The most common mechanism to trigger microeapalihg is
through external pressure, which ruptures the microcapsule and releases the healing agent from
the core. Therefore, the microcapsule must be sufficiently stiff to remain intact during
processing, concrete mixing, pouring, and setting but it rbuséak during damage of the
concrete In addition, the microcapsule shell provides a protective barrier between the catalyst
and the healing agent to prevent polymerization during the preparation of the composite. There
are three main methods for preparatiof microcapsules (Boh and Sumiga 2008): (1) the
mechanical method, which mechanically applies the microcapsule around the healing agent; (2)
the coacervation method, in which the microcapsule wall solidifies around a core made of the
healing agent; an@3) the polymerization method where the healing agent is applied as an
emulsion, which then solidifies at the interface between water and healing agent to form the
microcapsule wall.

FRP composites have found increasingly numerous applications in strectgi@eering due to

their high strengtho-weight and stiffnesso-weight ratios, high corrosion resistance, and
potentially high durability (Einde et al. 2003). One of these applications is the confinement of
reinforced concrete (RC) columns with FRRrgrove their structural performance in terms of
ultimate load bearing capacity and ductility (Nanni and Bradford 1995, Seible et al. 1997). FRP
confinement of RC columns presents numerous advantages compared to other strengthening
techniques, e.g., stretigning using steel jackets. Some of these advantages include small
increase in structural size and weight, easy transportation, and good resistance to corrosion and
other degradation processes due to harsh environmental conditions (Bakis et al. 2G02). Thi
strengthening method has been widely used in retrofitting of bridges and buildings in the past
few decades (Flaga 2000, Pantelides et al. 2000, Mertz et al. 2003, Monti 2003, Motavalli and
Czaderski 2007).

The use of FRP confinement for RC cylindricallumns derives from the fact that, when
concrete is subjected &m axial compression load, the concrete tends to expand laterally and to
load the FRP confining jacket in axial tension along the radial direction. Thus, the concrete core
of the column becoss subjected to a threlmensional (D) compressive stress condition,
which can significantly increase the compressive strength and the ductility of otherwise brittle
concrete. Similar behavior has been observed also for RC columns with square owula&ctang
crosssection, for which a lower level of efficiency can be reached due to the fact that the stress



in the FRP is nouniform. When subjected to an axial compression load, -E&Rined RC
columns behave differently thateelconfined RC columndn fact, while steel jackets provide a
constant confinement after the yielding point of the material is reached, FRP jackets provide a
linearly increasing confinement force, which better contrasts the expansion of the concrete in the
radial directionand signiicantly reduces the volumetric expansion of the concrétas
phenomenon produces a significantly more ductile beha¥ithre concrete, which is evidenced

by the distinct bilinear shape of the monotonic stetssn curve, with a smooth transition zone
beginning at a stress level close to the strength of the unconfined cohaseteticed here that,

while extensive resgch is available to document the positive effects on strength and ductility
due to FRP confinement of RC columns subjected to axial and bending actions, no infoisnation
available in literature regarding the effects of FRP confinement chealihg conrete.

3 Met hodol ogy

This research consisted dfiree main tasks (1) evaluaion of the effects ofseli-healing

mi c r o c gpreparatioe gameters, namely, temperature, agitation rate, and pH on the shell
thickness and sizediameter) of the microcapsuleq2) evaluation of the effects of

mi crocapsulesdéd shell tomm the dontrets selhealingl meshanism di an
through mechanicalexperimental tsting performed in laboratory; and (3) verification of the
hypothesis thatomposite actiomlue toFRP confinement of cylindrical concrete specimeas

improve the selfepairing properties of selfealing concrete materialirough mechanical
experimental teting performed in laboratory

3.1Task 1: Evaluation of the effects of preparation parametefsself-healing
microcapsules

There are three main methods for preparation of microcapsules (Boh and Sumiga 2008): (1) the
mechanical method, which mechanically applies the microcapsule around the healing agent; (2)
the coacervation method, in which the rmapsule wall solidifies around a core made of the
healing agent; and (3) the polymerization method where the healing agent is applied as an
emulsion, which then solidifies at the interface between water and healing agent to form the
microcapsule wall. fie polymerization method, which was used in this study, is categorized as
either insitu polymerization, in which the healing agent is added to the liquid phase of an
emulsion, or as interfacial polymerization, in which the healing agent is dissolvatieritquid

phase. In this study,4situ polymerization was selected for preparation of the microcapsules.

As shown inFigure 1, the two main design parameters ioterest during microcapsule
preparation are shell thickness and microcapsule size (diameter). Microcapsule walls that are too
thin would fail during the manufacturing process, concrete mixing, pouring, and setting (Tseng et
al. 2005). In contrast, cagsewshells that are too thick will not allow breaking or fracturing of the
shell as the crack penetrates through the microcapsules plane. -Aewelbped process of
microencapsulation using the uremmaldehyde method was developed by Brown et al. (2003)
The insitu encapsulation method for watermiscible liquids, by the reaction of urea with



formaldehyde at acid pH (Dietrich et al. 1989), is the foundation of the preparation method used
in this study.

Urea-Formaldehyde Shell

Self-Healing Material I

Figurel: Schematic othe Components of a Microcapsule

Two healing agents were evaluated in this study, i.e., dicyclopentadiene (DCPD) and sodium
silicate. DCPD (GHi2) is a white crystalline solid/clear liquid solution (depending on its
potency) with an energy density of approximately 10,975 Wh/I. Its main use within industry and
private practice is for resins/unsaturated polyester resins (Li et al. 2005). This ahesmnide

used as a monomer in polymerization reactions, such appegng metathesis polymerization

or olefin polymerization. Sodium silicate (p@Si), which is also known as liquid glass, is a
sodium metasilicate compound. This solid or aqueougigolis used in concrete applications

to reduce its porosity. When added, a chemical reaction occurs with the excess gf WO

is already present in concrete (Greenwood et al. 1997). When sodium silicate reacts with CaOH
the concrete permanentlynois with the silicates at the surface. This results in the product being
a great sealer as well as a great wetpellent. Although theoretically possible, micro
encapsulation of sodium silicate using the tferanaldehyde method has never been
successfily accomplished before. White et al. (2001) were able to streamline the
microencapsulation of DCPD by controlling its diameter as well as its morphology (Kessler et al.
2003).

The microcapsule selealing method has the ability to independently resageeds such as
internal cracking and microracking. When a crack occurs, a path towards rapid deterioration
that could lead to structural failure is possibly initiated. By filling these voids and cracks with
selfhealing materials, concrete structures aahieve a longer life cycle along with a reduced
likelihood of damage from unwanted moisture and corrosion (Brown et al. 2003). Although
DCPD is an exceptional healing agent alone, in order for the agent to achieve maximum
effectiveness, an appropriatedrdction is required to polymerize the healing agent within the
damaged area. A process called Ring Opening Metathesis Polymerization (ROMP) is used to
polymerize the healing agent. This process provides the following advantages -fozadielf
microcapsles (White et al. 2001): more durable shell life, low monomer viscosity and volatility,
rapid polymerization during ambient conditions, and low shrinkage rate during polymerization.
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ROMP utilizes a Grubbs catalyst (transition metal catalyst), which iocatgs a high metathesis
method. The use of this catalyst allows multiple chemical groups to be utilized within the
chemical process (such as oxygen and water). When DCPD encounters the Grubbs catalyst,
polymerization occurs (Brown et al. 2005). Sodiuncate, however, does not require a matrix

and can be used as an individual healing component. The first reaction consists of sodium silicate
reacting with calcium hydroxide, which is a product of cement hydration (Nonat 2004). The
second reaction occurs theen sodium hydroxide and silica. In both processes, the mending
agent that resides in an aqueous environment within the microcapsule itself is essential (Nonat
2004). Water enables the hydration of the damaged cement paste and allows further bonding of
the mending agent. The products of both reactions fill the crack and subsequently permit
recovery of strength. Both processes support the presence of the aqueous mending agent, which
also provides further integrity of the concrete by creating a bond ahddtee crack (Brown et

al. 2005).

3.1.1 Testmaterials
The chemicals utilized in the preparation of the microcapsules based on -Hi in
polymerization m#&od are presented ifable 1. The two microencapsulation laboratory
procedures that were utilized in this study for preparation of DCPD and sodium silicate
microcapsules are presented in Appendices A and B, respectively.

Tablel: Requiredchemicds for interfacial polymerizationsynthesis

Chemical Function Manufacturer

Urea

Createsndothermic reaction iwater

The Science Company

Ammonium Chloride

Assists with curing Process

The Science Company

Resorcinol (Technical Grade Flake)

Reacts witHformaldehyde and is a
chemical intermediate for the
synthesis process

NDSPEC Chemical
Corporation

ZeMac E60 Copolymer

Improvesmechanicaproperties

Vertellus Specialties, Inc.

ZeMac E400 Copolymer

Improvesmechanicaproperties

VertellusSpecialties, Inc.

Octanol

Preventsurfacebubbles

Oltchim

Hydrochloric Acid

Lowers pH

The Science Company

Sodium Silicate

Reacts with Ca(OH)

The Science Company

Sodium Hydroxide

Increases pH

The Science Company

Formaldehyde

Reacts withurea duringsynthesis
process

The Science Company

Grubbs Catalyst

Reacts with DCPandpolymerizes

Materia,Inc.

DETA (diethylenetriamine) Mix with
EPON 828

Used in synthesis of catalysts, epox
curing agent, and corrosion inhibitor

Huntsmann

DCPD

Seled¢ed Resin to Heal Concrete
Crack

Texmark 87% & 89% Purity
Cymetech 99% Purity

3.1.2 Testmethods

An experimental program was developed to evaluate the effects of preparation parameters
(namely temperature, agitation rate, and pH) on the shell thickness and size of the microcapsules
using Scanning Electron Microscopy (SEM). Microscopic analysis waducted using a FEI
Quanta 3D SEG Dual Beam SEM with focused ION beam at an acceleration voltage of 15kV
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and in the Backscattered Electron Imaging Mode. The images were stored as 1,290x968 TIFF
files. Using image analysis software (Image J), the averagielp diameter and shell thickness

was measured and calculated. Measured microcapsules were selected by random sampling from
each developed batch. The samples were coated with a thin layer of platinum conducting film by
sputtering. Each sample was &pted for 4 minutes to ensure an even distribution of the coating
around each shell.

Table 2 presents the experimental matrix followed in thesk Two healing agents were
evaluated,.e., DCPD and sodium silicatBuring synthesis, the agitation rate, temperature, and
pH were varied one at a timéhe agitation rate was variedsax levels for the DCPD synthesis

and atfour levels for the sodium silicate synsiig, while the tempetare and pH were kept
constantSimilarly, to evaluate the effect of temperature, three levels were used for both DCPD
and sodium silicate, while the pH and agin rate were kept constafthree pH levels were
considered for both OPD and sodium silicate, while the temperature andtamit rate were

kept constantThe constant reference levels of temperature, pH, and agitation rate were: 55°C,
3.7, and 550 rpm, respectively, for the DCPD; and 55°C, 3.0, and 550 rpm, respedivitlg, f
sodium silicateThis experimental matrix resulted in a total of 10 synthesis methods tested using
DCPD and 8 synthesis methods tested using sodium silicate.

Table2: Experimental test matrix for Task 1

Parameters DCPD Sodiun silicate

Agitationrate 250,350,450,550,800, 250,350,450, and 550
and 1000

Temperature 49,52, and 55 51,53, and 55

pH value 3.1, 3.4,and 3.7 3,3.1,and 3.2

7

32Task2z Bl f dzt GA2y 2F (KS Sbfeliddnion@ete YA ON.
self-healing mechanism

The incorporation of the prepared asiecaluaiedaps ul
in the laboratoryConcrete cylinder specimens with height equal to 8 in (20.32 cm) and diameter
equal to 4 in (10.16 cm) were prepared using a standard-neiadyoncrete with a water/cement

ratio of 0.5 and a nominal compressivieesgth of 4,000 psi (28 MPajodium silicate
microcapsules, prepared at a pH value of 3.1, were added to the mixing water at a content of 0.5,
1.0, 2.5, and 5.0% by ught of cementSodium silicate microcapsules were also prepared at
three pH values (3.0, 3.1, and 3.2) in order to varystiel thickness and were added to the
mixing water at a content of 5.0% by weight of cement. DCPD was used at a content of 0.25%
by weight of cement for microcapsules prepared at a pH of 3.1, 3.4, and dary the shell
thickness.The cylinders were samcured in a temperature and humidtyntrolled chamber.

The heat and moisture penetrated the specimens quickly, fully hydrated the concrete material,
and strengthened the concrete cylinders so that they could be us#ty difeer accelerated
curing. Cylindrical concrete specimens were-rdelded after 24 hours and were cured by
applying steam curing at 20 to 25°C for six days.
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Specimens were tested based on a modified version of ASTM C 469, Standard Test Method for
Static Modulus of Elasticity andoPi s sonds Rati o of Concrete in
of the peak concrete strength. The maximum load was increased to 70% of the peak strength
instead of 40% as required in ASTM C 469 to induce damage in the concrete specimens and to
observe the efict of the microcapsules on the healing process. Specimens were loaded and
unloaded for three cycles and were then left in the curing room for 48 hours to heal. After the
healing period, specimens were then retested using the same test protocol.tidlhangent
modulus, which is defined as the slope of the tangent to the-strasscurve at the origin, was
calculated before and after healing. Three replicates were prepared for each testing condition
with an average coefficient of variation of 1084he modulus of elasticity.

3.3 Task 3Evaluationof FRPconfinement effects on sethealing concrete

Based on the results obtained from Tasks 1 and 2, sodium silicate was investigated as the healing
agent in Task 3. Optimum microcapsule preparatioarpaters (namely temperature, agitation

rate, and pH) to control the shell thickness and size of the microcapsules were also chosen based
on the results from Tasks 1 and 2 as: temperature = 55°C; agit&@&hrpm and pH = 3.1.

3.3.1 Test materials

The chemicks utilized in the preparation of the microcapsules using thsttunpolymerization
method are listed iffiable1l. The micreencapsulation laboratory procedures thatewtilized in

this study for preparation of sodium silicate microcapsuale presented in Appendices e
concrete utilized in this researalas QUIKRETE Pro Finish high strength concrete mamth a
nominal compressivestrength of 5,000 psiThe FRPsheet usedvas SikaWrap Hex100G
uniaxial Eglass fiber fabric designed specifically for structural strengthening. The properties of
the fiber are listed in Table 2. SikaDur 300 impregnating resis used as adhesive with a
volume mixing ratio of A:B 2.84..

Table3: Mechanicalproperties of theglassfiber reinforced polymer (SikaWrap Hek00G)

Tensile Tensile Elonaation Densit Nominal
Strength Modulus 09 i fGE&}%/ Thickness
Ksi Ksi ? in.
330 10,500 4 0.092 0.014

3.3.2 Experimentalmatrix

A total of 12 plain concretand 18 sethealingconcrete cylindersf 4-in (10.16 cm) diameter
and &in (20.32 cm) heightvere preparedor uniaxial compression testSor the plain concrete
specimens, six specimens were left unconfined and sixnspes were wrapped with one layer
of FRP. For the selfiealing concrete specimenbkgtcontent of sodium silicate microcapsules
was variedas1%, 2.5% and 5%f cement weightThree unconfinedpecimens and thrdeRR
confined specimensere prepared forach level of sodium silicate content

The concrete cylindricaspecimens were prepared using @EIKRETE Pro Finishconcrete
mix with a water/cement ratio of 0.50dium silicate microcapsulegere added to the mixing
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water at ecarefully measuredontent of 1.0, 2.5, and 5.0% by weight of cement. The cylinders
were demolded after 24 hours arsibmerged into wateat a temperature between-28°C for

28 days to be fully cured. For the confined specimens, the concrete suafsaarefullycleaned
before being impregnated with the resin. One layer of glass fiwas fully impregnated with
resin and then wrappedound theconcrete cylindexwith the glasdiber aligned along the hoop
direction. To avoid anchorage rupture, an overlap length of a quartiee afrcumferencevas
adopted along the fiber directioas recommended by the FRP producer

Table4 presents the test matrix followed in Task 3 of this reseditthspecimens are identified

using acronyms composed by three paftse first part of the acronym is composed by two
charactershatindicate the type of test, i.e., ST = strength test (each specimen was monotonically
loaded until the peak strength was restland the specimens failed) and SH =-Belling test

(the undisturbed specimens were subjected to cyclic loading, then left to heal for one week, and
then subjected to a second set of cycling loadifgg second part of the acronym consists of
two digits that indicate thesodium silicate content, i.e., 00 = 0.0% (ordinary concrete), 10 =
1.0% (selhealing concrete with sodium silicate content equal to 1% of cement weight), 25 =
2.5% (selfhealing concrete with sodium silicate content equal to 2.5%mkat weight), 50 =

5.0% (selthealing concrete with sodium silicate content equal to 5% of cement weight). The
third part of the acronym is composed by two or three characters that indicate the confinement
type, i.e., PL = plain (unconfined) concrete &RP = FRPconfined concrete.

Table4: Experimental test matrix for Task 3

Test type SpecimenD SScontent Confinement type Num_ber of
specimers
STOOPL Plain 3
.0%
Strengthtest STOOERP 0.0% ERP 3
SHOMPL Plain 3
I-heali .0%
Self-healing test| SHOERP 0.0% ERP 3
SH1(PL Plain 3
f_ 1 0,
Self-healing test| SHLCERP 1.0% ERP 3
. SH25PL Plain 3
Self-healing test| 2.5%
SH25-RP FRP 3
SH5(PL Plain 3
I-heali .0%
Self-healing test| SHSCERP 5.0% ERP 3

3.3.3 Loading test protocol

The strength testvas conducted usingraELE ACCU-TEK TM 350 compressiomachine
following the ASTM C39 standard $tandard Test Method for Compression Strength of
Cylindrical Concrete Specimeng he selthealing test was performed in three phases: a first set
of cyclic loading, a oneveek perod of selfhealing during which the specimens were maintained
in water between a temperature20fC to 25°C, and a second set of cyclic loading. The cyclic
loading was performedsing a MTS machinefollowing a modifiedversion of ASTM C469

(Standard TesMet hod f or Static Modulus of El asticit
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Compression The gecimens were loaded and unloaded doe cycle up to 20% of their
compressive strengilestimated from the results of the previously performed strength tests),
cycle up to40% of their compressive strengtland then three cyclesp to 75% of their
compressive strengtiThe stresdime history was recorded froma loading cell andthe strain
time history was calculated using an LVDT attached tothe specimens thugh a
compressometer. The tangstiffnessmodulus(computed as the slope of the strsgain curve
between 2% and 10% of the estimated peak strength of the specandti®d residual strain at
end of each loading cyclecomputed as the strain reachddring unloading at 2% of the
estimated peak strength of the specime&resle calculated before and after healing.

4 Resul ts

4.1Evaluation of the effects of preparation parameters of sdélgaling
microcapsules

Numerous factors can affect the morphology, di@meand shell thickness of the prepared
microcapsules. Morphology, diameter, and shell thickness calculations were conducted based on
image analysis of SEM images. Yield was calculated according to the following equation:

P9 EAI-A @p T (1)

The highest yield for DCPD was 79.0% at an agitation rate of 350 rpm, temperature of 55°C, and
a pH of 3.7. The highest yield for sodium silicate was 94.9% at an agitation rate of 350 rpm, a
temperature of 55°C, and a pH of 3.2. The following Figurels and 6showthe percent yield

for DCPD and sodium silicate microcapsules as a function of pH, temperature, and agitation rate,
respectively.

4.1.1 Effects of pH ommorphology andshell thickness
Figure 2 presents the effects of pH on the shell thickness for DG#duie 2(a)) and sodium
silicate microcapgdes Figure2(b)), respectively, in terms of mean (represented by the filled bar)

and standard deviation (represented by the line bar as a + one standard deofatiun)
measured shell thicknesses.
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m Shell Thicknes# Yield

400 100%
350 - 90%
<300 - . r 80%
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(7]
8 250 - - 60% -
G 200 - - 50% ©
ol
Ia) J - ()}
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3.4
pH
(a) DCPD
m Shell Thickness #Yield

900 100%
E 800 - - L 2 - 90%
%700 - 802/0
? 600 [ 10%
£ 500 oo 3
£ 400 - 40% ~
= 300  30%
< 200 - 20%
¥ 100 - 10%

O T - 0%
3.0 3.1
pH

(b) Sodium silicate

Figure2: Effect of pHValues on theShell Thickness for: (a) DCPRicrocapsules, and
(b) Sodium Silicate Microcapsules
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N (d) Sodlum S|I|cate a;bH M 2 (255 rpm ‘ 55°C)
Figure3: Effect of pH Valuesn the Morphology of Microcapsules for: (a) DCPD at pH = 3.1,
(b) DCPD at pH = 3.7, (c) Sodium Silicate at pH = 3.0, and (d) Sodium Silicate at pH = 3.2

Results shown irFigure 2(a) indicate that the increase in pH values resulted in an overall
decrease in the shell thickness for DCPD, with a minimum mean shell thickness at a pH value of
3.4. As shown inFigure 2(b), the increase in pH values resulted in an increase in the shell
thickness for sodium silicate. At a pH value of 3.0, the shell wall of the sodium silicate
microcapsules became extremely thin and the microcapsules témdsallapse during the
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measurerants of their shell thicknes&.s a consequence, the measurer
shell thickness was not possible. The maximum shell thickness of sodium silicate microcapsules
was almost twice the maximum shell thickeeof DCPD microcapsules. This phenomenon was

due to sodium silicate being transformed into a gel like solution prior to microencapsulation.

This gel solution made the compound much easier to encapsulate and produced a much stronger
shell wall.

Figure3 presents SEM images of the microcapsules prepared with DCPD and sodium silicate at
different pH values. It is observed that the microcapsules prepared with DCBR2losgr to a
spherical shape and more uniform than the microcapsules prepared with sodium silicate. In
addition, the size of the microcapsules was reduced as the pH value was increased. The outer
surface of the microcapsules had a rough permeable laliereas the inside was smooth and

free of cavities.

4.1.2 Effects oftemperature

Figure 4 presents the effects of temperature on the shell thickness for Ddgubeg4(a)) and

sodium silicate microcapsuleBigure 4(b)), respectively, in terms ahean (represented by the

filled bar) and standard deviation (represented by the line bar as a + one standard deviation) of
the measured shell thicknesses. For the DCPD microcapsules at 49°C, the solution remained an
emulsion and no encapsulation took placFor sodium silicate, there were no microcapsules
formed at 53°C.Figure5 presents SEM images of the microcapsules for DRfufe5(a) and

(b)) and sodium silicateF{gure 5(c) and (d)) prepared at different temperatures. Also in this
case, the microcapsules prepared with DCPD were with a shape closer to spherical and more
uniform thanthe microcapsules prepared with sodium silicate. In addition, the size of the
microcapsules was reduced as the temperature was increased.

4.1.3 Effects ofagitation rate

Figure 6 shows the effect of agitation rate on the diameter of the microcapsules for DCPD
(Figure 6(a)) and sodium silicate microcapsulésg(re 6(b)), respectively, in terms of mean
(represented by the filled bar) and standard deviation (represented by the line bar as a + one
standard deviation) of nrmetee Theercrease ie dgitation ate o ¢ a p -
resulted in a decrease of the average diameter of the microcapsules for DCPD. This is due to the
large microcapsules being broken up into smaller ones when high shear (due to the centrifugal
forces) is applied. Theptimum size of the microcapsules is dependent on the crack size that is
expected to be filled during the healing mechanism. On the other hand, the diameter of the
microcapsules remained constant for sodium silicate microencapsulation as the agitation rat
increased, as shown ifigure 6(b). This phenomenon may be attributed to the attempt to
stabilize the alkalinity of the sodium silicate solution for the microendasu procedure using
ureaformaldehyde. The SEM images presenteérigure 7 also show a reduction in diameter

with the increase in agitation rate for DCPD. The same trend is obsenkeguire 8, which
provides SEM pictures of DCPD microcapsules produced at different agitation rates with a lower
magnification rate compared witfigure 7, in order to show several DCPD microcapsules in a
single picture and to provide a better idea of the size distribution observed for DCPD
microcapsules.
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Figure4. Effect of Temperature on the Shell Thickness for: (a) DCPD Microtepsand
(b) Sodium Silicate Microcapsules
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(d) Sodium silicate at T = 51°(pH = 3.2, rpm = 255)

Figure5: Effects of Temperature on the Morphology of Microcapsules for:
(@) DCPD at T =55°C, (b) DCPD at T = 52°C, (c) Sodium Silicate @&,T = 55
and (d) Sodium Silicate at T = 51°C
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Figure6: Effect of Agitation Rate on the Diameter for: (a) DCPD Microcapsules,
and (b) Sodium Silicate Microcapsules
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(@) t @ion rate = 0 i , T= 5C

165.7mm 81.4mm 265.2nm

(b) DCPD at gitationrate = 549 rpm (pH = 3.7, T = 55°C

591.6mm 786.8mm

(c) Sodium silicate atgitationrate = 257 rpm

498.1mm 609.9mMm

(d) Sodium silicate atgitationrate = 551 rpm (pH = 3.2, T = 55°C)

Figure7: Effects of Agitation Rate on the Morphology of Microcapsules for:
(a) DCPD at 250 rpm, (b) DCPD at 549 rpm, (c) Sodium Silicate at 257 rpm,
and (d) Sodium Silicate at 55pm
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